We have fabricated and demonstrated a micromachined electrometer with a charge resolution of 6 e/ √ Hz, operating at room temperature and ambient pressure. We thus show that high-resolution electrometry is realizable at room temperature and competitive with alternative low temperature (<10 K) solutions. The device presented in this paper functions as a modulated variable capacitor, wherein a dc charge to be measured is modulated and converted to an ac voltage output. By reviewing a selection of different devices based on this concept, we show that single-electron charge resolution at room temperature and ambient pressure is achievable with the aid of practical design considerations.
Introduction
Microscale electrometry is concerned with the measurement of precision quantities of charge. It has found applications to a wide range of fields. For instance, electrometry is used in the areas of nuclear research [1] and even space exploration [2] . In one such example, electrometers were developed to evaluate the nature of electrostatic fields in Martian soil and atmosphere [3] . In addition, electrometry has also been used in mass spectrometry for chemical and biological analyses [4] . At present, cryogenically cooled (few mK) singleelectron transistors (SETs) [5] are seen as the most sensitive of electrometers [6] , capable of charge resolutions better than 10 −5 e/ √ Hz. Other solid-state solutions to high-resolution electrometry have included MOSFETs which are able to detect single electrons at a higher temperature of 8 K [7] .
Apart from solid-state systems for charge detection, nanometer scale mechanical electrometers operating at temperatures of about 4.5 K have also been demonstrated to be capable of charge resolutions in the sub-electron range [8, 9] . These are based on a resonator, wherein the presence of charge to be measured results in a characteristic shift in its resonance frequency. The resonator in one of these examples comprises a paddle oscillator driven in its torsional mode, while a clamped-clamped beam resonator topology was used in the other implementation. These techniques typically require very low temperatures to achieve high resolution. In order for microscale electrometers to find viable real world applications, this limitation imposed by low temperature requirements must first be overcome.
Work on high-resolution microscale electrometers operating at room temperature and ambient pressure has been very limited. A charge noise floor of 4 × 10 −2 e/ √ Hz was measured at room temperature based on AL SETSs [10] . However, this solution required relatively complex processing and not all processing steps described were compatible with batch fabrication. Theoretical analysis has shown that it may be possible to use a silicon quantum dot device as a room temperature electrometer [11] . However a device based on this concept has not yet been fabricated and tested; the theoretical predictions still await experimental verification. Another concept, which is based on the vibrating reed electrometer [12] and first proposed by Riehl [13] , shows very good promise, wherein a charge resolution of approximately 51 e/ √ Hz was demonstrated at room temperature and ambient pressure [14] . This result was obtained with a CMOS-MEMS integrated device, with substantially reduced parasitics. The chargesensing element of this electrometer concept comprises a resonator which functions as a variable capacitor. Input dc charge to be measured is up-converted and up-modulated to a voltage output with a frequency component that is twice the modulating frequency. Detection is carried out at this frequency, which substantially reduces the effects of charge feedthrough and 1/f noise from the sensor electronics.
We here report a MEMS electrometer, developing and extending this concept for miniature mass spectrometry precision applications. We have measured a charge noise floor of 6 e/ √ Hz at room temperature and ambient pressure with off-chip readout electronics.
In comparison, the Keithley 6517, considered to be amongst the best commercial electrometer models available in the market, has a resolution of 10 fC. This is an improvement of approximately four orders of magnitude. Following the introduction in this section, the theory of operation for the modulated variable capacitor-based electrometer is described in section 2. In section 3, the commercial foundry process used to fabricate the micromechanical devices described in this paper is briefly covered. Its merits over other choices of known SOI processes are highlighted and discussed. Section 4 summarizes the experimental results from the first generation of electrometers. In section 5, the effects of key factors on the resolution and performance of the electrometer are reviewed and weighed against each other. Recommendations for how further improvements can be achieved are proposed, and these are supported with experimental data obtained from previous devices. Results from a subsequent iteration of an electrometer element are highlighted, demonstrating the measurement of a charge noise floor of 6 e/ √ Hz. Based on the recommendations discussed in this section and measurements obtained, we show that a charge resolution approaching the single-electron threshold at room temperature and ambient pressure is realistically achievable using the design considerations described. This paper finally concludes with section 6 showing that a charge resolution matching that of a sophisticated low temperature solution is in fact achievable at room temperature, based on the device concepts described in this paper.
Principle of operation
The electrometer comprises a MEMS charge-sensing element functioning as a variable capacitor that is coupled to interface sensor electronics for further voltage amplification. Figure 1 provides a circuit schematic of the electrometer system. A given input charge Q loaded at the input node produces a converted ac voltage signal, as illustrated by the following relation:
Depending on the geometry and topology of the variable capacitor C V (t), a corresponding converted voltage output is obtained with a characteristic frequency spectrum. The modulated variable capacitor is constructed from a resonator that is actuated laterally by comb drives on both sides. Comb drive actuation allows for the actuation force on the resonator to be approximately independent of displacement, which is desirable for our application. The basic capacitor structure, shown in figure 2, is constructed from an array of fixed electrodes, interdigitally coupled to movable electrodes extending from the resonator shuttle. This array of approximately equal-gap parallel-plate capacitors forms a balanced capacitive structure required for producing an output with only even harmonics when driven harmonically. The input charge to be measured is loaded on the anchored sense electrodes, and up modulated to a frequency twice the modulating frequency, which is well above the noise corner frequency of the interface electronics. By detecting at twice the modulation frequency, charge feedthrough from the drive electrodes is substantially suppressed, further enhancing electrometer performance.
The basis for this characteristic becomes apparent by first considering the associated capacitance for a unit cell of the equal-gap parallel capacitor, given by
Here, x(t) denotes the lateral motion of the resonator, g is the gap of the sense capacitor, C P is the lumped parasitic capacitance to ground at the input node, while C S is the sense capacitance when the shuttle is nominally stationary. Since comb drive actuation is used, the motion of the resonator may be assumed to be close to harmonic, and thus the lateral motion may be expressed as
where X is the amplitude of the shuttle displacement, and ω denotes the angular frequency of modulation. Equation (2) may then be rewritten as
Consequently, ignoring components beyond the second harmonic, the corresponding converted output voltage is then given by
Equation (5) shows that in the ideal situation, this is no contribution to the output at the primary modulation frequency due to the input charge. Additionally, the voltage output at the second harmonic varies linearly with input charge Q. This constant of proportionality defines the input charge to output RMS voltage conversion gain, also known as the responsivity of the system. It is given by
The responsivity is a figure of merit that is of primary interest with regards to enhancing the electrometer resolution. The importance of optimizing the responsivity of the electrometer, as well as ways to do so, will be discussed in greater detail subsequently in sections 4 and 5.
Fabrication
The devices were fabricated in a commercial foundry SOI MEMS process through MEMSCAP. Figure 3 provides an illustrated summary of the fabrication process. The process begins with a highly doped 25 µm thick n-type silicon device layer, allowing for Ohmic contact between the bond pads and the silicon structure. The silicon structure, both fixed and movable parts, are simultaneously patterned by DRIE from the front side following metallization for defining the bond pads. A polyimide protective coat is subsequently applied on the front side, after which a trench underneath the suspended structures is etched through the substrate from the back by DRIE as well, exposing the underlying buried oxide layer that is then removed using a wet HF etch. The suspended structure is finally released when the front side polyimide protective coat is removed. Connection to the substrate is made by patterning a large bond pad area (500 µm square) through a blanket mask in the final step of the process. Using a back side release process in the case of this design has the advantage of enhancing the electrometer resolution by reducing parasitic capacitance contributions arising from the suspended structure and underlying grounded substrate, which is completely removed in this process. Conversely, the parasitic capacitance between the sense electrodes and ground is larger if the underlying substrate is not removed as in the case of [14] . Equation (6) shows that the responsivity increases with decreasing parasitic capacitance at input node which, as will be illustrated later in section 5, is a key factor in determining the electrometer resolution. It has been estimated that in the case of the structure described here, the presence of an underlying substrate would have contributed a minimum additional parasitic of 2 pF between the sense node and ground. Therefore, trench etching through the substrate is favourable for enhancing the electrometer performance.
The structure was designed for a primary resonance frequency of around 2.9 kHz, verified by IntelliSuite figure 4 .
Experimental results-first generation device
The resonator was driven differentially using a lateral comb drive with a dc bias of 30 V and ac peak voltage of 4 V applied at 3.2 kHz. It was observed that the width of the suspension beams was thinner than designed, resulting in a reduction of the resonance frequency. This would well be due to over-etching in the front side DRIE during fabrication.
The gaps between the sense electrodes were also larger than designed, consistent with the explanation that the structures were over-etched thus lowering the resonant frequency of the device below the designed values. Known quantities of charge were loaded onto the sense electrodes by applying increasing step voltages to a 0.5 pF surface mount calibration capacitor using a Keithley 2400 source meter. The same procedures reported previously in [15] were applied to the setup described in this paper, with the notable exception that the MEMS device was packaged and tested directly on a printed circuit board and not through the coaxial cables used in the probe station setup.
The output was monitored on an Agilent 4396B Spectrum Analyser. Figure 5 (b) shows the output spectrum when 2.5 pC of charge was applied, while figure 5(a) shows the output spectrum before charge was applied. The first peak on the left corresponds to the first harmonic component that is primarily due to charge feedthrough from the drive electrodes, while the second peak in the middle is the second harmonic component primarily due to the charge on the input node. The magnitude of the second harmonic component increases from 130.36 dBuV to 130.93 dBuV due to the loaded input charge.
A peak can also be observed at the third harmonic of the driving signal frequency as well. It was observed while measurements were taken that due to manufacturing variations and structural asymmetry, the sense electrodes vibrated about a position slightly off-centre. The asymmetrical motion of the electrodes gives rise to contributions at the first and third harmonics in addition to the second, which explains the observed third harmonic peak in figures 5(a) and (b). Additionally, these effects due to motional asymmetry were verified using a full-system simulation method based on the circuit simulator, SPICE, which was developed for modelling nonlinear variable capacitors [16] .
A large peak is also observed at the second harmonic even before charge is introduced through the calibration capacitor. The presence of this initial offset is primarily due to the quiescent charges which arise from the JFET input leakage current, in addition to dc charge feedthrough from the drive electrodes. This offset, in practice, can be compensated by a voltage on the test capacitor.
Known quantities of charge were introduced at the electrometer input in incremental steps, and a calibration curve relating the output voltage to the input charge was obtained, as shown in figure 6 . The slope of the best-fit line defines the proportionality scale which relates the measured output voltage to input charge, and has a measured value of 8.943 × 10 10 V/C. This value includes a voltage gain of 41 from the amplifier, thus corresponding to a value of 2.09 × 10 9 V/C when referred to the input. Since the electrometer operates at a frequency above the noise corner, the ultimate charge resolution of the electrometer is limited by the thermal electronic noise of the input JFET. For a given measured sensor responsivity, the charge resolution of the electrometer may be inferred using the following relation:
e n denotes the input referred noise of the JFET buffer. We measured an input referred noise floor of 66.8 nV/ √ Hz at 3 kHz. Based on the charge to voltage responsivity of 2.09 × 10 9 V/C, we obtain an equivalent charge noise floor of 198 e/ √ Hz.
Improving electrometer performance-second generation device
Since the ultimate charge resolution of the electrometer is limited by the thermal electronic noise of the JFET input, a large value for the responsivity is desirable. The graphical plot in figure 7 is based on equation (6) . It shows how the responsivity varies as a function of the sense capacitance (C S ) and parasitic capacitance (C P ) for a given amplitude-to-sense capacitor gap ratio (X/g) of half. Figure 7 shows that for a given parasitic capacitance at in the input, the responsivity is at a maximum when the sense capacitance of the electrometer is roughly equal to the parasitic capacitance. This maximum value (when C S = C P ) increases as the parasitic capacitance is reduced, provided the sense capacitance is adjusted to match the former.
The measured responsivities of selected electrometers are included in table 2.
Their associated sense capacitances, measured parasitic capacitance values and predicted responsivities deduced from equation (6), have also been included for comparison.
Values for S1 and S2 were obtained using the setup illustrated in figure 8 , where the device was characterized Table 2 . Comparison between different devices for highlighting the effect of C S and C P on charge resolution. in a probe station. The output from the sense node on the MEMS device was connected to the input of the JFET through a coaxial cable from the probes. These coaxial cables typically have a substantially large capacitance between the inner and outer conductors, and a measured value of 155 pF for this particular experiment. In the case of S1, only one side of the sense capacitors was used. In the case of S2, both sides were connected up to the JFET input, giving a sense capacitance twice that of the single-side measurement. The devices used in these measurements have a much smaller sense capacitance compared to those reported previously in section 4 (S4 and S5). An SEM of these smaller modulated variable capacitors is given in figure 9 . When the responsivities of S1 and S2 are compared, taking into account the ratios of sense capacitances in each case, these agree well with equation (6) . For a large C P , much greater than the sense capacitance (C S ), the responsivity scales with C S . Since the sense capacitance in S2 is approximately twice that of S1, we would expect the responsivity to double, as observed from the measured values. Figure 7 shows that, for a given sense capacitance, higher responsivities may be achieved by decreasing the parasitic capacitance at the input node. Since the coaxial cables in the probe station setup have a substantial contribution to the capacitance to ground at the input, the measurements taken in S3 had the outer conductor of this coaxial cable left unconnected to ground. The measured input capacitance to ground in this setup was 24 pF, still considerable though largely reduced from that in S1 and S2. As expected, this yielded a notably larger responsivity for the exact same structure design. The results from S3 have been reported in [14] .
The responsivities for S4 and S5 were obtained from larger structures that have been recently fabricated. In addition, these have been packaged and tested directly on a printed circuit board to reduce interface parasitics further. Both the larger sense capacitance and reduced parasitics have yielded much higher responsivity values, and thus also better charge resolution. S4 and S5 are approximately identical in terms of planar geometries, but differ in their structural thickness. S4 was fabricated in a 10 µm device layer while S5 in a 25 µm thick device layer. Since the sense capacitance scales with film thickness, the responsivity also varies with approximately the same scale.
A comparison between the measured and predicted values for the responsivity, as summarized in table 2, shows that the two are in reasonably good agreement. Having shown that equation (6) and figure 7 agree very well with experimental data, these can then now be used as reliable reference for designing future electrometers of improved responsivities and charge resolution.
For instance, the circuit board parasitics could be realistically reduced to a third of the current value with more careful board design. This improvement in itself would yield a 10-fold improvement in the sensor responsivity, allowing a charge resolution in the order of 20 e/ √ Hz to be achieved even with a simple off-chip sensing solution.
A further design iteration was completed with the above considerations taken into account and a new electrometer element was fabricated. In this case, the surface mount test capacitor was integrated with the MEMS capacitor to reduce parasitic capacitance at the input. The value of this capacitor is 236 fF. The greater motional symmetry of the structure also allowed for larger amplitudes of motion. This gives a larger amplitude to sense a gap ratio (X/g), and therefore an increased responsivity. Figure 10 shows the output of the sensors when 236 fC of charge are loaded at the input. A negative voltage has been applied to the input, thereby introducing an initial negative charge, as opposed to the positive charge feedthrough. It demonstrates that the initial offsets due to the feedthrough can be in practice addressed, as already explained earlier. The same calibration procedure previously highlighted was repeated to obtain the output voltage-input charge response curve shown in figure 11 . The slope of the best-fit line had a measured value of 2.742 × 10 10 V/C. Given that the voltage amplification of the circuit is unity, the responsivity of the sensor is simply 2.742 × 10 10 V/C. With a measured input referred voltage noise floor of 29 nV/ √ Hz at 6.4 kHz, this yields an equivalent charge noise floor of 6 e/ √ Hz. The parasitic at the input was too small to be measured, but equation (6) gives an estimate of approximately 2 pF.
An integrated MEMS-CMOS process solution would reduce these input parasitics even further. As shown in figure 7 , the optimal responsivity for a given parasitic capacitance value occurs when the sense capacitance is roughly equal to the parasitic. The associated parasitic contributions in an integrated MEMS-CMOS electrometer would be lower than the sense capacitance of the structures reported herein. To maximize the responsivity, the variable MEMS capacitors could be designed for a sense capacitance approximately equal to the lower parasitic at the input, requiring smaller structures that could be driven at higher frequencies, thereby also increasing the sensor bandwidth, with the additional benefit of lower thermal electronic noise. It is envisaged that a resolution approaching that of a single-electron is achievable using the device concept presented in this paper through enhancements in process integration.
Conclusions
In this paper we have demonstrated that it is possible to achieve single-electron charge resolution at room temperature and ambient pressure using a micromechanical resonator which functions as a modulated variable capacitor. The reported device was fabricated in a commercial foundry SOI MEMS process, and coupled to off-chip sensor electronics through which an amplified output is produced. In addition, two key parameters which affect the performance of the electrometer most significantly were introduced and discussed, namely the sense capacitance of the variable capacitor and the input parasitic contribution. The effect of the sense capacitance on the ultimate charge resolution of the electrometer has been investigated in this paper based on experimental measurements obtained from different variable capacitor structures. Different setups for interfacing the MEMS variable capacitor to the sense electronics were contrasted against each other to illustrate the effect of parasitics at the interface on the charge resolution. The observed data have been shown to be in very good agreement with theoretical predictions, allowing for more robust design iterations for achieving better charge resolution in future electrometers based on the device concept described in this paper. We have also shown that it is possible to design electrometers with charge resolutions rivalling those of previous low temperature electrometry solutions, using the design considerations discussed and recommended in this paper.
